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过程有重要作用。hAK1 在 Mg2+的存在下，能够催化两分子 ADP 变成一分子 ATP
和一分子 AMP。我们先用核磁滴定方法测定了 hAK1 与 Mg2+的结合位点，主要
位于由 CORE 区域的 α2、β2 和 β3 及其周边 loop 构成的包络面。hAK1 与 ADP
的作用位点主要位于 LID、NMP 和 CORE 三者在关闭状态时形成的凹槽区域。
其次，通过基于 NMR 弛豫技术的蛋白质动力学方法，我们获得了 apo-hAK1，
hAK1/Mg2+和 hAK1/Mg2+-ADP 三种状态下的动力学特征信息。研究结果表明，




作用；而位于 LID 和 NMP 结构末端附近的残基则可能通过改变自身结构的取向
状态，来驱动 LID 和 NMP 结构域取向发生变化，达到结构“关闭”的催化状态。 
此外，我们还对结核分枝杆菌 ESX-1 分泌相关蛋白 MtEspI 进行了重组制备
与功能研究。结核分枝杆菌的 ESX-1 分泌系统是细菌毒性的重要组成部分。而
该系统的 MtEspI 蛋白，能在胞内 ATP 含量较低时关闭 ESX-1 分泌系统，对于致
病菌的存活具有重要作用。本论文共构建了十一个 MtEspI ATP 结合结构域的表
达载体，进行了大量的蛋白表达和纯化条件优化实验，最终通过两步亲和纯化和
一步凝胶色谱纯化成功制备纯度高达 96%、稳定、均一的 MtEspI415-493蛋白。通
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MtEspI415-493 具有中等相互作用，蛋白质第 425 位的赖氨酸是二者相互作用的重
要位点，为深入研究 MtEspI 对 ESX-1 分泌系统的调控机制打下基础。 
总之，本论文采用核磁共振技术表征了 hAK1 激酶在底物催化反应过程中的
动力学变化特点，这有助于我们揭示 hAK1 催化 ADP 生成 ATP 和 AMP 的结构





















Enzyme is a class of catalysts which can accelerate the reaction rate with high 
specificity. The transformation of substance and energy can be achieved with the 
catalysis of enzyme in vivo. Therefore, enzyme is closely linked to the growth, 
development, reproduction, movement and nerve conduction of organism. In enzyme 
studies, NMR technology exhibits unique advantages. It can determine the binding 
constant between enzyme and substrate, screen the inhibitors efficiently and even 
characterize the excited-state protein dynamics at atomic resolution. Based on the NMR 
technology, this dissertation carried out the research on two kinds of ATP-related 
enzymes (human adenylate kinase 1 and MtEspI protein from Mycobacterium 
tuberculosis). 
hAK1 is ubiquitous in various organs and plays a vital role in energy balance, 
phosphorylation and so on. It can catalyze two molar ADP into one molar ATP and one 
molar AMP. By NMR titration experiments, we determined the binding sites of the 
hAK1 and Mg2+. The α2, β2, β3 and loops around the segments formed an envelope 
surface on the CORE domain and the binding sites spread in the envelope surface. 
Moreover, the binding sites of hAK1 and ADP were mainly located in the groove that 
were formed by the LID, NMP and CORE domains in the “closed” state. Furthermore, 
we characterized the protein dynamics of apo-hAK1, hAK1/Mg2+ and hAK1/Mg2+-
ADP using NMR relaxation technology. The results indicated that when ADP was 
added into the hAK1/Mg2+, the LID and NMP domains which ADP bound became rigid. 
And meanwhile, there were many residues exhibiting slow time-scale exchanges: The 
residues in the substrate binding cave might participate in positioning the nucleotide 
molecule which was conducive to the phosphotransfer process. The residues in the 
Mg2+ binding region might interact with the metal ion during the catalytic process. The 
residues bestrewed in the terminus of LID and NMP might adjust its orientation of the 
structure to drive the LID and NMP domain to change their comformations and form 
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Besides, we conducted the recombinant preparation and functional studies of 
MtEspI ATP binding domain from Mycobacterium tuberculosis. The ESX-1 secretion 
system of Mycobacterium tuberculosis plays very important roles in the virulence 
performance of tubercle bacillus. MtEspI is a component of the ESX-1 system, which 
could block the ESX-1-mediated secretion in response to low intercellular ATP level. It 
is important for the viability of Mycobacterium tuberculosis. In this work, we 
constructed eleven recombinants of MtEspI ATP binding domain and tried enormous 
expression and purification conditions. Ultimately, we obtained a stable and 
homogeneous MtEspI415-493 sample by two-step affinity purification following with gel 
chromatography. The saturation transfer difference experiments and 31P NMR titration 
assay indicated that MtEspI415-493 possessed a moderate affinity (~μM) for ATP and the 
residue K425 was located at the binding site. The results lay the foundation for 
exploring the regulatory mechanism of MtEspI in the ESX-1 secretion system. 
In summary, this dissertation characterized hAK1 protein dynamics during the 
catalysis. This will help us to reveal the structural basis that hAK1 catalyzes ADP into 
ATP and AMP. Besides, we prepared the MtEspI ATP binding domain which helps to 
study the structure and function of MtEspI deeply. 
 



















ADP 二磷酸腺苷 (Adenosine Diphosphate) 
AMP 单磷酸腺苷 (Adenosine Monophosphate) 
ATP 三磷酸腺苷 (Adenosine Triphosphate) 
BSA 牛血清白蛋白 (Bovine Serum Albumin) 
E. coli 大肠杆菌 (Escherichia coli) 
FPLC 快速蛋白液相色谱 (Fast Protein Liquid Chromatography) 
GSH 还原型谷胱甘肽 (Reduced Glutathione) 
GST 谷胱甘肽巯基转移酶 (Glutathione S-transferase) 
(His)6 六个组氨酸寡肽 (Hexahistidine); 
HSQC 
异核单量子相关谱 (Heteronuclear Single-Quantum Correlation 
Spectroscopy) 
IPTG 异丙基-β-D 硫代半乳糖苷 (Isopropyl-beta-D-thiogalactopyranoside) 
MBP 麦芽糖结合蛋白(Maltose Binding Protein) 
Mt 结核分枝杆菌 (Mycobacterium Tuberculosis) 
NMR 核磁共振 (Nuclear Magnetic Resonance) 
PCR 聚合酶链式反应 (Polymerase Chain Reaction) 
PMSF 苯甲基磺酰氟 (Phenylmethanesulfonyl Fluoride) 
Ppase 人鼻病毒切割蛋白酶(Prescission Protease of Human Rhinovirus) 
SDS-
PAGE 
十二烷基磺酸钠 -聚丙烯凝胶电泳  (Sodium Dodecyl Sulfate-
Polyacrylamide Gel Electrophoresis) 





















1946 年，物理学家 Felix Bloch 和 Edward Purcell 发现，磁场中具有奇数个
核子的原子核，置于一定频率的射频场中，原子核会吸收射频场能量。他们因此
获得 1952 年诺贝尔物理学奖。由于相同元素的原子核在不同环境下呈现出不同


















(Minimal Media)，利用同位素标记的 13C-葡萄糖和 15NH4Cl 作为异源表达唯一的



















均大幅度提高的 TROSY(Transverse Relaxation-optimized Spectroscopy)技术[3]。这




或者半整数倍(ħ = h/2π，h 是普朗克常数)，自旋角动量 I 的最大值等于自旋量子
数 I，与原子核的特性有关。常见的自旋量子数包括以下三种类型：(i) 质子数和
中子数的总和为偶数时，I 为零或者整数；(ii) 质子数和中子数的总和为奇数时，
I 为半整数；(iii) 质子数和中子数都为偶数时，I 为零。 
由于自旋角动量是一个矢量，大小和方向都是量子化的。其在任意选定的轴
方向上的投影(例如 z 轴，Iz)，可以用一系列的磁量子数 m 来描述，如公式(Eq 1.1)： 
 z mћI   (Eq 1.1) 
m 的取值如式(Eq 1.2)，一共 2I+1 个数值。常见的自旋角动量为 1/2 的原子
核，如 1H，15N，只有两个自旋允许方向，m = ±1/2。 
 1 2 , 1,m I I I I I      , , ,    (Eq 1.2) 
由于核的旋转会使核沿键轴方向上产生一个磁偶极 μ，如图 1.1 (A)所示。磁
偶极与角动量的大小之间的关系可由以下公式(Eq 1.3)所示: 
  1γI γћ I I  μ   (Eq 1.3) 
其中，γ是磁旋比，是核的一个表征常数。生物核磁共振中常用的原子核相
关信息如表 1.1 所示。在没有磁场的作用时，自旋量子数为 I 的原子核在任一磁
量子数的状态下能量相同。当施加磁场 B0 后，简并的能量出现裂分，每个磁量
子数代表着不同的电势能，这就是 Zeeman 裂分(Zeeman splitting)。能量数值如公
式(Eq 1.4)所示。 
 E   0μ B   (Eq 1.4) 
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